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FLAME VELOCITIES OF FOUR ALKYLSILANES
By Melvin Gersteln, Bdger L. Wong

and Oscar lLevine

SUMMARY

The rates of flame propagation of four alkylsilanes have been
determined by & tube method. The maximum fundsmentel rate of flame
propagation lncreases in the order: +tetramethylsllape < trimethyl-
silane < diethylsilene < monocethylsilane. A precise fundamental
flame velocity could not be obbtained for monoethylsllane becesuse of
the high rate of propagation. In each case the alkylsilanes have
conslderably higher flame velocities than the hydrocarbons that would
result 1f the silicon were replaced by carbon; whereas the physical
properties of the alkylsilanes resemble those of the correspondlng
hydrocarbons. On the basis of a gualitative comparison, 1t appears
that the mechanism of the chemical reaction may be lmportant in
determining the rate of flame propagation.

When diethylsilane is blended wlth n-~pentane, no marked increase
in flame velocity ocours until the concentration of diethylsilane is
greater than 20 percent. The flame velocities of the blends are lower
than would be predicted from & linear blending relatlon. At no con-
centration of total combustible does a mixture of dlethyleilane and
pentane have a higher flame velocity than diethylsilane at a concen-
tration equal o the concentratlon of total combustible.

INTRODUCTIOR

The high-velocity combustion required in modern Jet-propelled
sircraft has revived interest in the study of fundemental combustion
properties such as flame velocity, lgnition energy, and flammability
limits. The Plame-veloclty measuremente of four alkylsilanes discussed
in this report were directed towards finding fuels capable of supporting
stable combustion in & high-veloocity alr stream and yet possessing
physicel properties similsr to those of conventional fuels. The class
of compounds belng investigated, the alkylsilanes, was chosen after an
examination of the literature because of the simllarity of their physical
properties to hydrocarbons and the indications that they might have
high flame veloclties.

Tl
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Previous work by the aunthors (references 1 anmd 2) indicated that
the majority of the hydrocarbons have flame veloclties between 30 and
70 centimeters per second. Other investigators (reference 3) show that
the maximum to be expected from organic compounds contelning oxygen or
nitrogen is about 90 centimeters per second. Although other exceptions
may exlst, only acetylene with a flame veloclty of 157 cenbimeters per
second and hydrogen with a flame velocity of 317 centimeters per second
are notably higher. TUnfortunately, acetylene because of 1ts low boiling
point and instabllity when stored under pressure, and hydrogen because
of its low bolling polnt and low density cannot be used in fuel systems
of conventional deslgn. .

It is well known that the presence of metal-to-carbon bonds as in
metal alkyls, or metal-to-hydrogen bonds as in hydrides, often leads to
spontaneous inflammsbillity at room temperature. It 1s reasonable %o
expect, therefore, that the presence of certain metel-to-carbon and’
metal -to~hydrogen bonds in a molecule might result in flame velocities
considerably greater than most hydrocarbons. At the seme time it would
be desirable to have a fuel that wes not spontanecusly inflammsble.

Only a few metal alkyls or hydrides can meet this reguirement. A pre--
liminary investigatlion of one of them, diborane, indicates that 1t does
have an exceptionslly high rate of flame propagation (references 4 and
5). Unfortunately, diborane also hag & low boiling point and decomposes
when stored at room temperature. A clase of compounds that meet the
foregoing requirements is the alkylsilanes which, unlike silane itself,
do not ignite spontaneocusly on contact with air at room temperature, are
relatively easy to prepare, and, for some mémbers, have densities and
boiling points in the same range as conventional hydrocarbon fuels
(reference 6).

This report contains the results of an investigation of the flame
velocities of four alkylsilanes: monoethylsilane, diethylsilane,
trimethylsilane, and tetramethylsilane, determined by the tube method
of reference 1.

APPARATUS

The apparabtus and experimental technique used for the measurement
of the flame velocities were the same as those described in reference 1.
The flame tube consists of a horizontal, cylindrical, Pyrex tube with an
inside dlameter of 25 millimeters and & length of 57 centimeters. An
8-millimeter-dlemeter orifice wae placed &t the ignition end of the
flame tube and a second orifice, 1.7 millimeters in dlameter, was placed
at the opposite end. A methyl alcohol flame was used as the source of
ignition.
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The linear or observed spatial flame veloclty U, was measured at
room temperature and atmospheric pressure by means of two photocells

placed 6— inches apart and connected to an electronic timer. The funda-
mental flame velocity Up was calculated by the equation (reference l)

Up = (Up - Ug) (Ap/Ar) (1)
where | |

Up fundamental flame veloclity (velocity component normal to any tan-
gent to flame surface)

linear observed flame velocity (spatial velocity)

.d

o
Ué gas veloclity ahead of flame

At cross-sectlonal area of flame tube
Af Fflame surface aresa

The gas velocity Ué was calculated by the empirical equation from
reference 1 :

Ug = 0.236 U, - 10.47 cm/sec : (2)

Superposition of photographs of alkylsilane flames on photographs
of hydrocarbon flames showed that the flame front was the same in shape
and dimensions. Consequently, the surface area of the flame Ap was

assumed to be equal to that found for hydrocarbon-alr flames,
11.25 square cenbtimeters (reference 1). The alkylsilane flame had &
slightly lénger tail but this was ignored in the area calculations.

After each run with an alkylsilane, a fine deposit of silicon
dioxide was left on the tube. This deposit was cleaned out with a
glass-~wool swab after each run. To check the effect of the deposit,
runs were made in clean tubes and in tubes coated with varying quan-
tities of silicon diloxide. At no time was a difference found in the
flame velocities. The reproducibllity of the experimental procedure
was confirmed by perliodic testing of n-pentane during the investigation
of the alkylsilanes. At no time did the linear flame velocity for.
n-pentane deviate more than 2 percent from its original value (refer-
ence 1). ALt least three determinations of the linesr flame velocity
were made for each mixture concentration studied. The flame velocities
reported herein are average values and have a precision of 2 percent
for tetramethylsilane and trimethylsilene. The precision of the flame

—
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velocltles for diethylsilesne is only +4 percent because of the greater
difficulty in determining the flame surface area of fast flames. A
fundemental fleme veloclty could not be obtained for monocethylsilane
because of the uncertainty in the flame shape due to the high rate of
propagation.

FUELS

The alkylsilanes used In this investigation were prepared at the
Lewis laboratory by reduction of the corresponding chlorides by lithium
alumimum hydride (reference 7). The compounds were distilled over
lithium hydrlde and have a purity greater than 97 percent as determined
by carbon end eillcon analyses and freezling point. Some physical pro-
perties of the alkylsilanes are given in table I. Of the compounds
reported herein, only diethylsilane and tetramethylsilane have bolling
points above room temperature, and all the gilanes have freezing points
below -100° C. The specific gravity of the alkylsilanes is between
0.65 and 0.68. The physical properties of the silanes are compared in
table T with those hydrocarbons that would result if the silicon were
replaced by carbon.

The alkylslilanes used in this lnvestligation could be handled in
air without appreciable oxidation or hydrolysls. The compounds con~-
taining many silicon-to-hydrogen bonds suck asg monocethylsilane and
diethylsilane have & tendency to hydrolyze when kept in contact with
water for extended periods of time. :

RESULTS AND DISCUSSION

Alkylgilane fleame velocities. - The fundamental flame wveloclties
of dilethylsilane, trimethylsilane, and tetramethylsilane are plotted in
figure 1 as a function of the ratio of the fuel concentration to the
stoichiometric fuel concentration for combustion in elr. Similer data
for ethylsilane could not be obtalned by the tube method because the
gpatial rate of flame propagation was so high that a smooth flame front
could not be distinguished. The spatiaml velocity for a lean mixture,
95 percent of stoichiometric, was about 560 centimeters per second.
This can be compared with acetylene which gave a maximm spatial veloc-
ity of about 600 centimeters per second in the same tube. In any '
attempts to obtain spatial rates of flame propagation for mixtures
richer in ethylsilane, the orifice towards which the flame advanced
wag foreibly blown from the tube.

The curves in flgure 1 for the other alkylsllanes resemble those
obtained for hydrocarbons (references 1 and 2). 1In each case the

-
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maximim flame velocity occurs slightly to the rich side of stoichlo-
metric. The scatter of the points 1n the curve for diethylsilane
indicates that a flame velocity of about 100 centimeters per second is
near the 1imit of the present apparatus.

Maximim fleme veloclitles taken from the curves of figure 1 are
summarized in table I and plotted in figure 2. The maximim flame
velocity increases rapldly as the mumber of silicon-to-hydrogen bonds
is Increased, although the alkyl groups atbached to the slilicon were
not the same in gll cases. Ethylsilane would fall considerably above
diethylsilaene, whereas silane (SiHy), which has only silicon-to-
hydrogen bonds, can be assumed to have infinlite flame velocity because
it is spontaneously inflammable at room temperature.

An intersting comparison can be made between diethylsilane and
tetramethylsilane because they are lsomers and, conseguently, have the
same products of combustion. Diethylsilane has a flame velocity about
100 percent grester than that of tetramethylsilane.

Blends of diethylsilane and n-pentane. - The use of the alkyl-

silanes as additives to petroleum fuels was considered as a possible’
means of lnoreasing the rate of flame propagation of the fuel. The
rate of flame propagation of mixtures of n-pentane and dlethylsilane
is shown i figure 3. The flame velocity -is plotted against the
fraction of diethylsilane in the fuel for constant over-all concen-
trations of fuel plus additive. Both pentane and diethylsilane have
the same stoichiometric concentration on a volumetric basis. The curve
for 2.94-percent total inflammeble is near the concentration for max-
imum flame veloclty for pure n-pentane and pure dlethylsilane, and the
other curves represent concentratlions on either side of the maximum.
The curves lllustrate that there 1s no positive catalytic effect when

diethylsilane is added to n-pentane. In fact, the first 20 percent of

diethylsilane Increases the fleme velocity only about -10 percent. The
flame velocities of the blends are lower than would be predicted from
a linear blending relation. A cross-plot of the date as an aedditional
1llustration of the trends 1s given 1n figure 4, where the flame veloc-
ity is plotted against the total concentration of combustible (fuel and
additive) for constant. percentages of diethylsilane in the n-pentane.
As expected, the flame velocity lncreases as the concentration of
additive increases, with the maximum for each curve occurring in the
vicinity of 3.0-percent total inflammable by volume.

Flame propagation theories. - The thermodynamic and kinetic data
available for the alkylsilanes are still insufficient for application of
theories of flame propagation. It is possible, however, to calculate
heats of combustion using heats of formation obtained from bond energies
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by the method. of Pauling (reference 8). The results of these calcula-
tions are given in table I along with similar date for the hydrocarbons
that would result if the silicon were replaced by carbon. A rough
estimate of the accuracy of the calculated heats of combustion can be
obtained for SiH,. Bichowsky and Rossini (reference 9) report a heat

of combustion of 324 kcal per mole; the calculated value 18 326 kcal
- per mole. '

A striking polnt is that the heat of combustlon of diethylsilane
is only about 2 percent greater than that of tetramethylsilane, whereas
the flame velocity of the diethylsilane is ‘100 percent greater as pre-
viously mentioned.

Two principal types of theory of flame propegation have been pro-
posed: +thermal theories in which heat conduction from the flame front
is the rate-controlling step, and diffusion theories in which the 4if-
fusion of active perticles from the flame front into the unburned gas is
the rate-controlling step. Tnasmuch as the heats of combustion of the
two lsomers are so nearly the same, the flame temperatures and, hence,
the rate of heat conduction would also be alike. Similarly, because
the active particle concentrations depend strongly on flame temperature,
it 18 unlikely that there would be sufficlent difference between the two
igomers to account for the two-fold increase in flame velocity of
diethylsilane over tetramethylsilane. .

It appears, therefore, that other factors must be considered in
the rate of flame propagation such as the ignitlion temperatures of the
mixtures or the relative effectiveness of active particles in producing
the flame reactions. In other words, the mechanism of the reaction may
be important in determining the rate of flame propagation inasmuch as

both the factors just mentioned are reflected in the oxidation mechanism.

The indicatlon that the partisl pressures snd diffusion coeffi-
clents of some of the important free radicals are not sufficient to
account for flame veloclty variations is given by the deviation of
ethylene from the correlation of hydrocarbon flame velocitlies by a
diffusion theory (reference 10). Ethylene has a higher flame velocity
than that predicted by the diffusion of free radicals unless a higher
reaction-rate copstant is used for ethylene than is used for most
other hydrocarbons. Sachsse and Bartholomé (reference 11) show &
similar deviation; for a curve of hydrogen atom concentration plotted
ageinst flame. velocity, hydrogen and acetylene fall conglderably above
the curve for carbon monoxide and some saturated hydrocarbons.

The principal difference between dlethylsilane and tetramethyl-
silane is that the former contains two silicon-to-hydrogen bonds,

r

+
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whereas the latter contains none. It is possible, therefore, that the
rate of reaction of 'oxygen or of some free radicals with the silicon-to-
hydrogen bond as opposed to the rate of reaction of the same substances
with carbon-to-hydrogen bonds is important in the propagation process.
The importance of silicon-to-hydrogen bonds has already been indicated
in the discussion of the data illustrabted in figure 2.

A comparison can also be made:between alkylsilanes and the hydro-
carbons that result when the silicon is replaced by carbon. Inasmich as
the products of combustlon are different, however, the resulis are more
difficult to interpret. In each case the silane has & heat of combus-
tlon about 100 kcal per mole greater than the corresponding hydrocarbon.
About 80 kcal per mole of this could be considered as being used to melt
and veporize £§i02 so that 1t cannot be considered as contributing
greatly to increased flame temperature or free radical concentrations.
The resulting heats of combustlion of the silanes, for gaseous SiOp,

are only from O to 10 percent greater than those of the corresponding
hydrocarbons. Here, too, it is difficult to account for the extremely

 large difference in flame velocity, almost three-fold in the case of

diethylsilane as compared with n-pentane, on this relatively small
difference in heat of combustion. This comparison also strongly sug-
gests the importance of the mechanism of the chemlical reasction in the
rate of flame propagation. The difference in reactivity 6f compounds
contalning silicon compared with hydrocarbons has been reported by many
investigators for a varlety of reactions. Rochow (reference 12) states
that, although silicon remains tetravalent like carbon in its organic
compounds, the presence of silicon in the molecule may cause vigorous
reactlons that are unknown in the analagous carbon compounds.

SUMMARY OF RESULSLS

1. The rates of flame propagation of four alkylsilanes have been
studied. The maximum rate of flame propagation increases in the order
tetramethylsilane < trimethylsilane < diethylsilane < monoethylsilane.

2. In each case the alkylsilanes have a considerably higher flame
velocity than the hydrocarbons that would result if the silicon were
replaced by carbon. The physical properties of the alkylsilanes
resemble those of the corresponding hydrocarbon. '

3. On the basis of a qualitative comparison, 1t appears that the
mechaniem of the chemical reaction may be important in determining the
rate of flame propagation through mixbtures of alkylsilanes and air.

4. When dlethylsilane is mixed with n-pentane, no marked increase
in fleme velocity occurs until the concentration of diethylsilane is

IR E L EARRERET
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quite high. The flame velocities of the blendes are lower than would

be predicted by a linear blending relatlon.

Lewls Flight Propulsion Laboratory,

NACA RM ES1A08

National Advisory Committee for Asronautics,
Cleveland, Ohio.
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TABLE I - COMPARTSON OF PROFERTIES OF AIXYLSILANES WITH CORRESPONDING HYTROCARBORS

Fuel Boiling |[Freezing 8pecific Heat of Maximm flame welocity|Volume
Name Formule point |poimt gravity combustion (em/aec) percent
(°c) (°c) (kcal/mole) fuel at
Uy Uo’Ug Up maxlnnm
Ur
81lane 818, 21128 | -184% [0.68(-168° €)®| 326.5° | () | (o) | (e)
Methane CH, 62 | o.ased | Laz(-1640 )| as? 84.5% 75.0%| 33.8% | 9,96°
Monocethylsilane CHxCEpBiHz -1 <1008 630°  [>860
Propane CHCHoCHg 424 -188% | .58(-44° 0)® 5314 99.58| 86.5%| 39.0% | 4.548
_Diethylsilane CH3CHpSiH,CH3CHz| 56f |<-100f | .e6f 933P 309 {247 |11 3.12
Pentane CH,CH,CH,CH,CH, 364 -1308 |..e32 a45d 98.0%| 85.3¢| 3a.5¢ |2,92°%
Trimethyleilene (CHz)s SiH of <100 765P 252 203 | 92 5.74
2-Methylpropane (cEgisice | -12% [ -180? | .67 : eaed 87.5%} 77.3%| 34.9% |3.48°
Tetramethylsilane  |(CHg), ‘51 a7t | 1007 | .65 on® 161 3¢ |60  |3.00
2,2-Dimethylpropane |(CHg), ¢ 9.5 | -17% |.6® a40% 85.0%| 73.9% | 33.3® |2.85¢

8Hendbook of Physics and Chemistry, Chemical Rubber Co., 28th edition, 1944,
Peeleulated from bond energles (reference 8) for reaction

(Cplizns)r B1 H(4-r)(ga.5) +3£"_"'

CSpontanecusly inflammble.

dgelected Values of Properties of Hyd.rona.rbons » Netional Bureau of Stanﬂ&rdﬂ, 1947.
1
Oz2(gas) —> B “O2(gus) * (=*1) Ex0(1iquiq)-

3n
reaction Cpfpn,o(gas) +

" ®Reference 1.
fReference 7.

Op(gas) — 510p(pycea) + OT coz(gas) + (nr+2) HzO(11quia) -

Heat of combustlion for

ot
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Figure 1. - Fundamental flame veloclty of silanes.
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Flgure 3. - Fundamental flame veloclity of dliethylsllane-
pentane-alr mixtures.
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Pigure 4. - Effect of concentration on flame velocity of
dlethylsilane-pentane-alr mixtures.
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